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Saccharomyces cerevisiae mutants defective in the structural gene PGI1 lack 
phosphoglucose isomerase and hence cannot grow on glucose. Spontaneous 
mutants were isolated by selecting for the regained ability to grow on YEPD 
(yeast extract/peptone/glucose). Three complementation groups called 
spg29~31 (suppressor of pgil A) were identified. The metabolism of 
[2-"C]glucose was studied by 13 C NMR spectroscopy. This led to the conclusion 
that in a spg29 mutant suppression of the glycolytic defect was achieved by 
increased carbon flux through the hexose monophosphate pathway. The 
specific activities of enzymes of the hexose monophosphate pathway (except 
glucose-6-phosphate dehydrogenase) and NAD- and NADP-dependent 
glutamate dehydrogenase were increased in the bypass mutant. 



Keywords: Saccharomyces cerevisiae, pgUA suppressor mutations, hexose monophosphate 
pathway, 13 C NMR 



INTRODUCTION 

Phosphoglucose isomerase is the enzyme which catalyses 
the interconversion of glucose 6-phosphate and fructose 
6-phosphate. Thus, it is both the second step of the 
glycolytic sequence and the last step of gluconeogenesis. 
Mutants of Saccharomyces cerevisiae defective in the struc- 
tural gene (PGI1) for phosphoglucose isomerase have 
been described by many authors (Maitra, 1971 ; Herrera & 
Pascual, 1978; Clifton eta/., 1978; Ciriacy & Breitenbach, 
1979; Aguilera, 1986). All such pgH mutants cannot grow 
on glucose, the assumption being that in S. cerevisiae flux 
through the hexose monophosphate pathway is inad- 

• equate to support growth. It is reckoned that the hexose 
monophosphate pathway is only capable of 8% of the 
carbon flux that occurs during growth on glucose 
(Bruinenberg et al., 1986). In this respect S. cerevisiae is 
different from both Escherichia coli and Kluyveromyces lactis, 
in which mutants lacking phosphoglucose isomerase can 
still grow on glucose (Vinopat et a/., 1975; Goffrini et al., 
1991). 

One way of trying to understand all aspects of the 
phenotype of pgil mutants has been the isolation of 
extragenic suppressor mutations which confer upon pgH 
mutants the ability to grow on glucose. Aguilera (1987) 

• described spgl (suppressor of £gi1A) mutations which 



restored growth on glucose and resulted in obligately 
high levels of mitochondrial respiration and no ethanol 
formation. Gamo et al. (1993) described rgH and rg/2 
(resistance to glucose) mutations from which it was also 
presumed that - glucose may be channelled through the 
hexose monophosphate pathway to respiration. Recently, 
Boles et al. (1993) showed that overexpression of GDH2, 
which encodes the NAD-dependent glutamate dehydro- 
genase, can suppress the growth defect on glucose caused 
by pgUA mutations. The explanation for this is that 
overexpression of NAD-dependent glutamate dehydro- 
genase causes a cycle of "metabolic interconversion be- 
tween 2-oxoglutarate arid glutamate in which the anabolic 
reaction results in the conversion of 2-oxoglutarate to 
glutamate with concomitant conversion of NADPH to 
NADP, whilst the catabolic reaction results in the 
formation of 2-oxoglutarate from glutamate with con- 
version of NAD to NADH. Hence, the rapid depletion of 
NADP which would otherwise result from overuse of 
glucose-6-phosphate dehydrogenase (if flux via the hexose 
monophosphate pathway was increased in pgil A bypass 
mutants) is avoided and the extra NADH which is formed 
can be oxidized by the electron transport chain. This also 
explains the high obligatory respiration observed in pgil 
bypass mutants. 

Boles et al. (1993) also showed that deletion of the ZWF1 
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pgUA bypass in Saccharomyces cerevisiae 



gene (which encodes glucose-6-phosphate dehydrogen- 
ase) blocks suppression of a pgUA mutation. This is also 
highly indicative of the importance of the hexose mono- 
phosphate pathway, but it must be stressed that, to date, 
none of the studies have proved that the suppression of a 
pgH mutation actually involves a metabolic bypass in 
which glucose is catabolized by means of increased flux 
; via the hexose monophosphate pathway ; i.e. the flow of 
\ carbon from substrate to product(s) has not been demon- 
strated. One could postulate three possible metabolic 
t routes. Firstly, increased flux via the hexose mono- 
phosphate pathway. Secondly, use of the glycolytic 
>. sequence involving an isoenzyme of phosphoglucose 
{ isomerase encoded by a gene which is normally cryptic. 
] This is not without precedent in S. cerevisiae: for example 
j ADH4 (encoding an isoenzyme of ethanol dehydro- 
% genase) was discovered in adh1 adh2 adh3 triple mutants 
$ (Paquin & Williamson, 1986). Thirdly, the use of a 
jjp hitherto-unknown pathway of glucose catabolism. This 
Jp concept has also been suggested previously to explain the 
M bypass of pfkl pfk2 double mutants which lack phospho- 
II fructokinase (Breitenbach-Schmitt et al, 1984). 13 C nu- 
ll clear magnetic resonance (NMR) spectroscopy is a very 
l| good technique for metabolic studies (London, 1988; 
!f Davies & Brindle, 1992) ; hence it was decided to use 13 C- 
^ labelled glucose to analyse the patterns of metabolism by 
| 13 C NMR in suppressed pgUA mutants. Providing yeast 
if! with [2- 13 C]glucose allows one to discriminate between 
Jj the known pathways as described below. 

Use of the hexose monophosphate pathway will give rise 
H to fructose 1,6-bisphosphate with label at C-l and C-3. 
t l Subsequent cleavage by aldolase would yield dihydroxy- 
| acetone phosphate labelled at C-l and C-3, which would 
\ be metabolized by the conventional glycolytic sequence to 
produce pyruvate labelled at C-3 and C-l, respectively. 
"7 This labelled pyruvate has three possible fates, the first 
>.■; being conversion to ethanol (labelled at C-2) and 13 C0 2 
^ via pyruvate decarboxylase and ethanol dehydrogenase 
■jf (Fig. 1). Since it is common for ethanolic fermentation to 
-to. be accompanied by the formation of some glycerol (to 
r | preserve the NAD/NADH balance) one would also 
* expect to see glycerol labelled at C-l and C-3 which was 
derived from the C-l, 3- labelled dihydroxyacetone phos- 
phate (Fig. 1). A second possible fate of the pyruvate 
would be via pyruvate dehydrogenase, which would 
result in loss of l3 C0 2 and formation of [2- l3 C]acetate. 
Subsequent metabolism of the [2- 13 C]acetate via the 
tricarboxylic acid and/or glyoxylate cycles would give 
predictable labelling patterns as described previously 
(Dickinson et al. y 1983; Dickinson & Hewlins, 1991) 
when the fate of [2- 13 C]acetate was analysed by 13 C NMR. 
The third possible route for metabolism of some pyruvate 
would be via pyruvate carboxylase to 1,3-labelled oxalo- 
acetate. The C at C-l of oxaloacetate would be lost as 
13 C0 2 at the isocitrate dehydrogenase step of the tri- 
carboxylic acid cycle and the remaining label would result 
in glutamate labelled only at C-2 - an isotopomer that 
would be easy to identify, but has never been seen in yeast. 
Metabolism of isocitrate via the glyoxylate cycle would 
give readily identifiable intermediates. 



The expression of a previously cryptic gene resulting in a 
new phosphoglucose isomerase activity would give ca- 
tabolism of [2- 13 C]glucose via a completely reinstated 
glycolytic sequence. This would be expected to produce 
[2- 13 C]pyruvate and hence ethanol labelled at C-l along 
with some [2- 13 C]glycerol (Fig. 1). Oxidative decarboxyl- 
ation of this [2- l3 C)pyruvate via pyruvate dehydrogenase 
would give [1- 13 C] acetate, which could enter the tri- 
carboxylic acid cycle to yield glutamate labelled at C-l on 
the first turn of the cycle and thence at C-5 on the second 
turn. The labelling of glutamate at C-l and C-5 would 
yield a very characteristic spectrum. Metabolism of the 
[l- 13 C]acetate to [6- 13 C] isocitrate would give rise via the 
glyoxylate cycle to glutamate labelled only at C-l on each 
successive turn of that cycle. The conversion of [2- 
13 C]pyruvate to [2- 13 C] oxaloacetate by pyruvate carboxy- 
lase would give rise to glutamate labelled at C-3 on the 
first turn of the tricarboxylic acid cycle, 2,3- on the second 
turn and 1,2,3- on the third and subsequent turns of that 
cycle. This would also be a unique labelling pattern, 
which, even if it was combined with the formation of 
1-, and 1,5-labelled glutamate, would still be very 
different from patterns which have been recorded pre- 
viously. Finally, conversion of any [2- 13 C]oxaloacetate to 
[3- 13 C]isocitrate and subsequent intervention of the gly- 
oxylate cycle would yield glutamate labelled only at C-2 
and C-3. Hence, the catabolism of [2- 13 C] glucose via all 
known metabolic routes (Fig. 1) produces predictable 
labelling patterns in intermediates whose constituent 
carbon atoms have well-defined resonances in the NMR 
spectrum. With this knowledge we embarked upon an 
NMR analysis of the metabolism of glucose in a pgUA 
mutant carrying a spg29 suppressor mutation which allows 
growth on glucose. 

METHODS 

Media, strains and genetic methods. Cultural conditions and 
complex growth media have been described previously 
(Dickinson, 1991). Complex media contained, per litre: yeast 
extract (10 g), bacteriological peptone (20 g), adenine (0-1 g), 
uracil (01 g) and the specified carbon source (YEPD, 20 g d- 
glucose; YEPF, 20 g D-fructose). Minimal medium with fruc- 
tose (2%, w/v) as major carbon source was supplemented with 
0-1 % (w/v) glucose. Standard genetic techniques were used for 
mating, sporulation and dissection (Sherman, 1975; Mortimer 
& Hawthorne, 1975). S. cerevisiae strain AAG2 {MA Ta ura3 his4 
canpgHA25\ : LEU2) was obtained from A. Aguilera (University 
of Seville, Spain). Strain S9 (MATa ura3 his4 can 
pgi1A25:\LEU2 spg29-1) was derived by crossing E9 (obtained 
as a spontaneous revertant of AAG2 as described below) to 
strain 329 {MATa adeS) and repeated backcrossing of ap- 
propriate MATa segregants to AAG2. Strain OH1 {MATa 
ura3 his4 can) is a wild-type (i.e. PGI1) haploid derived from a 
cross between 329 and AAG2. Strains 26.1 A {MAT& adel ade2 
his7 pgH-1) and 26. 6B {MATa ural pgH-1) were constructed 
from mutant 9520b/TIC {MATa pgi1-1) (Maitra, 1971), which 
was provided by P. K. Maitra (Tata Institute of Fundamental 
Research, Bombay, India). 

Isolation of mutants carrying suppressors of pgi1<S muta- 
tions. A 100 ml batch of strain AAG2 was grown overnight in 
YEPF to OD 600 1 00. The cells were then harvested by 
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centrifugation and resuspended in 100 ml YEPD. The culture 
was divided into 10 separate aliquots, each of which was 
incubated in a 100 ml conical flask at 30 °C for 6 d. After this 
time 0-1 ml samples were removed from each small culture and 
plated directly onto YEPD. The YEPD plates were inspected 
after 3, 5 and 7 d. Colonies which had appeared at each time and 
were large enough to handle were transferred to YEPF, 
incubated for 4-5 d and then replica-plated to YEPF and 
YEPD. Clones which were able to grow well on YEPD when 
re-tested were retained for further analysis. 

NMR analyses. For in vivo NMR analysis cells of S9 were grown 
in YEPD to OD 600 4*0 (late exponential phase for this strain), 
harvested by centrifugation, resuspended in 2 ml 50 mM 
potassium phosphate buffer pH 6-0 containing 30 % (v/ v) 2 H 2 0 
and transferred to a 10 mm NMR tube with a gassing system 
which provides both aeration and mixing (described by Lloyd et 
a/. t 1993). Then 70 mg [2- 13 C] glucose (99 atom % enrichment) 
was added and 13 C data were collected in blocks of 500 
accumulations (each of 8K data points over 22000 Hz) with an 
acquisition time of 018 s and a 1 s delay between pulses using a 
Bruker WM360 spectrometer operating at 90-5 MHz. High- 
power ^-decoupling was used during acquisition, with low- 
power decoupling during delays : preliminary experiments had 
determined the correct settings to effect proton decoupling with 
sufficient dielectric heating to maintain a temperature of 
30°C±1 °C 

Metabolic analyses were also done on cells which had been 
grown to OD 600 4-0 in YEPD, harvested by centrifugation and 
resuspended in YEP containing [2- 13 C] glucose. After 150 min 
incubation at 30 °C cells were harvested and perchloric acid 
extracts prepared for 13 C NMR analysis as described previously 
{Dickinson & Hewlins, 1988, 1991). The spectrum was recorded 
for the solution in a 5 mm NMR tube, using 32K data points 
over 22000 Hz, with broad-band ^-decoupling, and also by 
the DEPT method to determine the number of protons attached 
to each carbon signal. A two-dimensional "C- 1 H chemical shift 
correlation spectrum was carried out using the xhcorrd routine 
in the standard Bruker NMR software. All chemical shifts are 
reported in p.p.m. relative to the signals ( l H and 13 C as 
appropriate) from sodium 3-(trimethylsilyl)propane-l-sulpho- 
nate (assigned 6 = 0 for both nuclei) measured in 2 H 2 0 solution 
as the external standard. 

Enzyme assays. Cells were harvested by centrifugation, resus- 
pended in 50 mM potassium phosphate buffer pH 7 4 containing 
2mM EDTA and 2 mM 2-mercaptoethanol and disrupted 
using a Braun homogenizer as described by Dickinson & 
Williams (1986). Aliquots of this homogenate were used 
immediately as the source of enzyme. Phosphoglucose isomer- 
ase (EC 5.3.1.9), glucose-6-phosphate dehydrogenase (EC 
1.1.1.49) and gluconate-6-phosphate dehydrogenase (EC 
1.1.1 .43) were assayed as described by Maitra & Lobo (1971). 
Ribulose-5-phosphate 3-epimerase (EC 5.1.3.1) was assayed 
according to Williamson & Wood (1966). Transaldolase (EC 
2.2.1.2) was assayed by the method of Tchola & Horecker 
(1966). NAD- and NADP-dependent glutamate dehydro- 
genases (EC 1.4.1.2 and 1.4.1.4) were both assayed in 0-1 M 
imidazole buffer pH 7-9 in a total volume of 18 ml. NADP- 
dependent glutamate dehydrogenase was assayed by following 
NADPH disappearance when 2-oxoglutarate (22-8 umol) was 
converted to glutamate in the presence of ammonium acetate 
(614 umol) using 0-03 umol NADPH. NAD-dependent gluta- 
mate dehydrogenase was monitored by following the increase 
in absorbance at 340 nm due to NADH formation when 
glutamate (25 umol) was converted to 2-oxoglutarate using 
0-375 umol NAD. 



RESULTS 

Isolation and genetic characterization of mutants 
carrying suppressors of pgHA mutations 

The spontaneous mutants which arose on YEPD after 3 d 
were called 'early mutants' and numbered E1-E33. The 
'mid mutants' collected after 5d were numbered Ml- 
M14 and the 'late mutants' were numbered L1-L29. 
There was no correlation with the original time of 
appearance of an individual mutant and its rate of 
proliferation when examined on YEPD plates or in 
YEPD liquid medium: i.e. there was a range of generation 
times amongst all three sets of mutants. However, all of 
the 'mid mutants' subsequently died over the next 4 
weeks (irrespective of whether they were stored on YEPD 
or YEPF) before they had been characterized genetically. 
Nevertheless, the frequency of suppressor mutations 
would seem to be 10~M0~ 8 . Sixteen of the remaining 
mutants which grew most rapidly on YEPD were mated 
on YEPF to strain 26.1 A. The diploids which formed 
were selected on fructose minimal medium supplemented 
with 0-1 % glucose. These diploids were then replicated 
onto YEPD: none of them grew on YEPD, showing that 
the suppressor mutations were all recessive. A series of 
outcrosses to suitable wild-type haploids allowed a 
subsequent complementation analysis, which indicated 
the existence of at least three distinct spg mutations. It 
seemed prudent to retain the terminology of Aguilera 
(1987) for such mutants rather than add a further acronym 
to an already crowded literature of phenotypes. However, 
to avoid the possibility of a future overlap of mutants 
from our different laboratories it was decided to call these 
three mutations spg29 to spg31. It was not possible to 




20 r 




20 30 40 
Time (h) 



Fig. 2. Typical growth curves for S9 {pgilA spg29-1; O) ar j£ 
wild-type haploid OH1 (PG/T; •) in YEPD liquid medium. Botn 
strains were inoculated into fresh pre-warmed medium trom 
starter cultures grown to exponential phase in YEPD. 
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Fig. 3. Time course of utilization of [2- 13 C]gtucose by strain 59. 
in vivo time-elapsed proton decoupled NMR spectra are shown, 
a, C-2 of a-D-glucose; /f, C-2 of j9-D-glucose; T, C-2 of trehalose; 
G, C-1,3 glycerol. 
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Rg. 4. 13 C NMR spectrum of a perchloric acid extract of strain 
S9 made after growth in YEP-[2- 13 CJgtucose. E, C-2 of ethanol; 
4, C-4 of glutamate; 3, C-3 of glutamate; 2, C-2 of glutamate; 
N, C-4 of glutamine; other resonances marked are as in Fig. 3. 



^definitely assign all of the mutants, mainly due to their 
different rates of proliferation on YEPD prior to mating. 
The sp g 29 mutation was represented by three alleles all 
resulting in very similar phenotypes, the most prominent 
°f which was the most rapid growth (generation time of 
335 min in exponential phase) in glucose (Fig. 2). 

13 C NMR analysis of metabolism in a pgUA spg29 
mutant 

Jtf vivo NMR analysis of strain S9 showed that the major 
Metabolic product derived from [2- 13 C]glucose was gly- 
col labelled at C-l and C-3 (Fig. 3). This signal 
Corresponding to glycerol (65*3 p.p.m.) increased with 



time as did the resonance corresponding to C-2 of the 
storage compound trehalose (75-7 p.p.m.). Three other 
resonances can be seen in Fig. 3 (78'6 p.p.m., 72 - 4 p.p.m. 
and 63'5 p.p.m.); they are explained below. The in vivo 
experiment was not run for longer because although it 
could be seen (from comparison of the peak heights of the 
signals due to C-2 of glucose) that very little glucose had 
been metabolized, the experiment had served its purpose, 
i.e. identification of the metabolic pathway by which the 
glucose was catabolized. Detailed isotopomer analysis is 
always better done on perchloric acid extracts because 
field inhomogeneity within the sample of in vivo experi- 
ments leads to signal broadness. 

One possible criticism of the in vivo NMR study above is 
that the cells are in a non-growing situation because no 
nitrogen source was provided, although other workers 
actually strive to devise conditions of rigorous non- 
growth for metabolic analysis (e.g. Benevolensky et at. y 
1994). However, in this case the criticism would seem to 
be irrelevant, because analysis of an extract made from 
cells grown in YEP-[2- 13 C]glucose gave a similar result 
(Fig. 4). In addition, the expanded spectrum allows the 
identification of resonances at 18*9 p.p.m. (ethanol C-2), 
29-4 p.p.m. (glutamate C-3), 35*6 p.p.m. (glutamate C-4) 
and 57*3 p.p.m. (glutamate C-2). Although small, the 
signal due to ethanol C-2 is highly significant because it 
confirms that 13 C in this molecule has been derived via the 
hexose monophosphate pathway (as explained in the 
Introduction). The fact that the intensity of the signal for 
glutamate C-4 is significantly greater than that for C-3, 
which in turn is much greater than the intensity of the 
glutamate C-2 resonance, is also important because these 
data indicate that glutamate is being labelled as predicted 
for metabolism of [2- 1 3 C] glucose around the hexose 
monophosphate pathway to yield pyruvate labelled at 
C-3 and C-l. This is decarboxylated to [2- I3 C]acetate, 
which then enters the tricarboxylic acid cycle. Indeed, it 
is just possible to observe the appearance of label in the 
C-4 position of glutamate first, followed by label at C-3 
and C-2, in the time-elapsed spectra in Fig. 3. The 
resonance at 346 p.p.m. is due to C-4 of glutamine 
formed directly from glutamate. The multiplets at 
98*6 p.p.m. and 94-8 p.p.m. are respectively C-l of j9-d- 
glucose and a-D-glucose which are visible mainly due to 
natural abundance of 13 C at this position. The singlet 
(centre line)resonance.m each case corresponds to glucose 
labelled only at C-t ; the doublets are due to interaction 
with the heavily labelled C-2. Similarly, the resonance at 
63-5 p.p.m. seen here and noted in Fig. 3 along with the 
resonances at 78*6 p.p.m. and 72-4 p.p.m. are due to 
glucose C-6, C-3 and C-4 respectively: all were observed 
due to natural abundance. 

Initial signal assignment was made by comparison of 13 C 
chemical shifts with those of standard compounds re- 
corded under comparable conditions. Additional infor- 
mation was obtained from further NMR experiments 
carried out on the perchloric acid extract. The DEPT 
method was used to establish the number of protons 
attached to each 13 C nucleus and this confirmed CH or 
CH 2 for each signal in accordance with the assignments 
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Table 1. Specific activities of various enzymes in strains 
AAG2 {pgilA) and S9 {pgUA spg29) 

Strain S9 was grown to stationary phase in YEPD. Strain AAG2 
was grown to stationary phase in YEPF, harvested and 
transferred to YEPD for 24 h. The results are the means of 
duplicate determinations. 



Enzyme* 


Specific activity 


Activity in 


[mil (mg protein) -1 ] 


suppressed 








strain 




AAG2 


S9 


relative to 
parent (%) 


G6PDH 


206-5 


194-3 


94-1 


GND 


81-9 


1691 


206-5 


RPE 


1-0 


2-1 


200-7 


TAL 


74-4 


117-6 


158-0 


NAD-GDH 


24-4 


57-2 


234-5 


| NADP-GDH 


42-7 


86-3 


2020 



*G6PDH, glucose-6-phosphate dehydrogenase; GND, 6-phos- 
phogluconate dehydrogenase; RPE, ribulose-5-phosphate 3-epi- 
merase; TAL, transaldolase; NAD-GDH, NAD-dependent gluta- 
mate dehydrogenase; NADP-GDH, NADP-dependent glutamate 
dehydrogenase. 



given above. Further information was obtained from the 
13 C- J H correlation spectrum. In particular this confirmed 
that the 13 C at 65*3 is attached to protons at 3H 3-47 and 
3-55, as expected for glycerol. The carbon signals attri- 
buted to ethanol C-2, glutamate C-4, glutamine C-4 and 
^-D-glucose C-l were shown to be connected to protons 
having chemical shifts of 1-3, 2-33, 2-45 and 4-6 re- 
spectively in accord with standard values. 

Enzyme assays on the pgilA parent and the 
pgUA spg29 suppressed double mutant 

Phosphoglucose isomerase was undetectable in the par- 
ental strain AAG2 and in strain S9, confirming that both 
strains carry the pgiU mutation and that suppression in S9 
was not due to the regaining of this activity. The specific 
activity of glucose-6-phosphate dehydrogenase was virtu- 
ally identical in both strains, but the specific activities of 
all of the other enzymes assayed were all increased in the 
bypass mutant to 150-235% of the levels present in the 
parental strain (Table 1). The greatest increase in specific 
activity occurred in the case of NAD-dependent glutamate 
dehydrogenase. 

DISCUSSION 

Spontaneous mutants were isolated carrying mutations 
which suppress the pgilA mutation, thus allowing growth 
on glucose. In many respects these newly isolated spg 
mutants seem similar to those described by Aguilera 
(1987) and also the rgl mutants of Gamo et al. (1993). The 
reason for isolating these mutants was to establish the 
metabolic pathway used which enables a pgiU suppressed 



mutant to utilize glucose. l3 C NMR studies clearly showed! 
that the hexose monophosphate pathway was used tq 
suppress the defect in phosphoglucose isomerase. Despite' 
the fact that previous studies all suggested the hexose 
monophosphate pathway was used in suppressed pgifr 
strains (Aguilera, 1987; Gamo et al., 1993; Boles et a l. t 
1993), this is the first time that the flux of carbon has 
actually been proved. 

The specific activities of enzymes of the hexose mono- i 
phosphate pathway were increased in the suppressed 
strain compared with the parental pgUA strain with the f, 
exception of glucose-6-phosphate dehydrogenase. These 
results serve to confirm the NMR study and lead to the 
conclusion that glucose-6-phosphate dehydrogenase is i 
not the limiting step of the metabolic bypass. Aguilera ■ 
(1987) reported no significant differences in specific . 
activities between pgUA and pgUA spgl double mutants. 
He also reported the specific activity of 6-phospho- 
gluconate dehydrogenase as lower in the suppressed 
strains than in the pgUA parents whereas we observed that; 
the specific activity of this enzyme was double compared_: 
with the parental strain. The reason for the difference ; 
between our results is likely to be because Aguilera grew: 
both sorts of strain in YEP containing 2% fructose and 
0-1 % glucose, whilst we grew the pgUA strain in this, 
medium (it will not grow in YEPD), and then transferred , 
it to YEPD for 24 h before determining enzyme activities; 
mutant S9 was grown in YEPD. The very reason for, 5 
doing this was the possibility that the activity of one or^ 
more enzymes of the hexose monophosphate pathway* 
might be higher in the presence of (2%) glucose than , 
(2 %) fructose. 

The largest increase recorded for a single enzyme was for': 
NAD-dependent glutamate dehydrogenase. This obser- 
vation confirms the work of Boles */ al. (1993) on the 
importance of this activity in suppressing^'/^ mutations. 
However, it is worth commenting that the elevation of 
NAD-dependent glutamate dehydrogenase is nothing like* 
as high as the massive overexpression achieved by Boles tt 
al. (1993), who put the GDH2 gene in a multi-copy 
plasmid. As demonstrated in the present study, S. cerevistae 
does not have to achieve such a dramatic alteration to its 
normal metabolic activities: production of the large 
amounts of glycerol which were observed serves as an 
additional route for NAD regeneration. It is conceivable 
that other spg mutations result merely in the production or 
more glycerol without any increase whatsoever in the 
activity of NAD-dependent glutamate dehydrogenase,, 
although it is not clear whether the extra g lut ^£ C 
produced (and not recycled to 2-oxoglutarate by NAl> 
dependent glutamate dehydrogenase) would be an a: 
vantage that allowed more rapid growth (glutamate is tn 
major pool of nitrogen), or a detriment to the cell ^cau 
of the depletion of an important intermediate or ^ 
tricarboxylic acid cycle. 

In a study of carbon metabolism during spoliation uj 
acetate it was noted that at a distinct time in the P r0C ^ 
metabolic flux around the hexose monophosphate pa^ 
way increased appreciably (Dickinson et al., 1983). 
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haps this up- regulation in sporulating diploids involves a 
gene which is mutated in spg mutants. Cloning of SPG 
genes will allow an examination whether the same genes 
are involved in controlling expression of hexose mono- 
phosphate pathway functions in sporulation and gly- 
colytic bypass mutants. 
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" suppressed 1 by an over-expression on a mum-copy piusmiu ui mc Miu M uiui. &t .. t wm*- 
• : '^the--l*AP^ependeh't glutamate dehydrogenase. GD/*2 'codes For •a/pfbteiri'-wilh. 1092- amino acids y\ ■ : 

- ^hicfi is ; located on chrbmosom^ " • . ' ■ : : : 

NAD%utamate dehydrogenase. Suppression of the >^// deletion by ^ovef-expression of GOW2 
Was "abolished in strains with a deletion of the glucose-6-phosphate dehydrogenase gene ZWFI or 
gene GDHl coding for the NADPH-dependent glutamate dehydrogenase. Moreover, this suppres- 
sion required functional mitochondria. It is proposed that the growth defect of pgil deletion mutants 
* bn :: glucose is due to a rapid depletion of NADP which is needed as a cof actor in the oxidative 
reactions of the pentose phosphate pathway. Over-expression of the NAD-dependent glutamate de- . 
hydrogenase leads to a very efficient conversion of glutamate with NADH generation to,2-oxoglutar- < - ; :; v^: ; 
- ''"ate-.which can be converted back to glutamate by the NADP^ '{/ * •: \:[ vtf 

; - with the consumption of NADPH. Consequemfy; over^xpression of the NAD-dependent glutamate >■ ; . • ; 
■ dehydro*ena« c causes .a substrate cycling -between 2^xoglmarate;^and^:€lirtamate^which {restores .y t: s- ^ -h - 
NADP from NADPH through the coupled conversion of NAD to NADH, whichxan be oxidized in ^ ivr ^ - ..i . 
the mitochondria. Furthermore, the requirement for an' increase in-N^DPH, consumption. for the vv. - 

rw • / .suppression qfjhe phosphoglucose Jsomerase i^^^J^.SSLSSSSSfi of pxidizmg a^ents^ ^ - ; ; >.v ; 
?; yV^whicMre known to .reduce' the 'level of N^pPR. ^ .... . . . .. 



•-. " M;^-Glycbji^ the degradati 

- i ^of :; fdr^e; titjabie; ; ciirbpn"Kojarces in? lhe f yeast ;5rttc/w 

" : \*t ^ri^i'ates: Ph6^4pKbg|•u66se• isomerase is. the second enzyme v ; mutants'. bf/S Vemvsiq&cimriol grow, on: a- pure) fructose me-j- 
' '"'lii--thc' 'glycolytic pathway, intercbri verting glucose ' 6-phos- diiim because the phosphoglucose isomerase reaction is the 
phate and fructose 6-phosphate. Maitra < 1 97 1 > was the first only step catalysing the intercoirversion of fructose 6-pKos- 
to obtain mutants of the structural gene PGU and found that ■ ' * » 




' Darmstadt. Schnittspahnstr: ; I0. / Aguilera " l , h : ^ " ^ ' 

- »-.v">\ ^^^v;?-M9 fV151"164808: v > : ; [ ■< v; tart)bn) source: Recently 

; , :v- j; &Mbbn\ : iatioiis. Glc(>PDH> glucose-6-phosphate. dehydrogenase ./ ^ glucose inhibition by selec- . . ^ v ; 
. ■ NAD^GliiDH and NADPH-GluDH. NAD- and NADPH-dependent t j on ^ me dia -containing 2% fructose and 2% glucose. Sup- 
glutamate dehydrogenase; PCR. polymerase chain reaction: ORE sion 0 f tne /;( ,// defect depended on a functional respira- 
ppen,reading frame : . , Q . * tow system. In' both cases,, the suppressor mutations were 
; Enzvmesn Phosphoglucose isomerase (EC 5.3.1.9); glucose-6- j ur y !, J MC " 1 .: „ V ' - ^ m ,.tant ctmii™ tn en 
phosphate dehydrogenase (EC 1.1.1.49): NADPH-dependent gluta- interpreted to ^\o W S cerevtsiaep^i 'mutant stramsjo en- 
mate dehydrogenase (EC 1.4.1.4); NAD-dependent gtutamate dehy- nance glucose catabolism through the pentose phosphate 
drogenase (EC 1.4.1.2). pathway and a complete respiratory breakdown. However. 

- . Note. The nucleotide sequence of the GDH2 gene published here the actua j functions of the suppressor genes were not iden- ; 

has been deposited with the EMBL/GenBank sequence data bank tified 
and is available under the accession number X72015. 
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We prepared a yeast genomic library from a pgii deletion formed into E. coli strain SURE cells which were plated onto 

mutant (Boles and Zimmermann, 1993a) in the multi-copy selective media with ampicillin, isopropyl -thiogalactoside 

vector YEpIac18l (Gietz and Sugino, 1988), transformed it and 5-bromo-4-chloro-3-indolyl-^D-galactopyranoside to al- 

back into the deletion mutant and tested the transformants low blue-white screening. There were 5000 white among a 

for growth on a mineral salts/glucose medium. One of the total of 1 1 000 colonies which were washed from the plates 

glucose-positive transformants carried the structural gene and plasmids prepared using three Qiagen tip 100 resins (Dia- 

GDH2 coding for the NAD-dependent glutamate dehydroge- gen GmbH), 
nase. Further investigations showed that this over-expression 
creates a cyclic transhydrogenase system between the 

NADPH- and the NAD-dependent glutamate dehydroge- Chromosome mapping 

nases, converting NADPH to NADH and replenishing the Gel blots with chromosome-size DNAs of S. cerexisiae 

pool of NADP which is required for the oxidative reactions stra i n FY23/6 separated in a pulsed-field gel were obtained 

of the pentose phosphate pathway. from Boehringer (Mann mti). 

MATERIALS AND METHODS , f DNA sequencing 

Yeast strains and growth coiiitions ••■"v Double-ftranded templates- were sequenced by the di-. 

. . / ••' : -mv , \if/0 ; h"/»/ 1 (T : ; deoxy nucleotide chain-terminating' method (Sanger; et al.. 

.. The isogenic wild-type^ strains -i^NY. WA-1 A (MATa. : .urn.— - * - -.-m 

» « i ^ » i*f-* . i^oVi v- a j i. • V tesA Art i > 1977)* using the Pharmacia T7 sequencing kit: To obtain 




K. D. Entian (University ol Frankfurt). All mutants used ,, qo1 * ^ m , . . tU , . . . . c 

in this work were derived from these strains unless other- ( ' 99 " w £ u . s,n S ' he ™ 10 ™ '* uuned from 

wise stated. Strains EBY23 (pgitJ-.-UKM and EBY8 rfS^^S^^iS 

{fbaU:.URA3) were described Boies and Zimmerman* £££3*2 ^nvAW^nliSj^^T > 

itaai n \ cnvon <^ti.t a . .t chia „«o ..-uba ?\ i„, tor both strands. The DNASIS/PROSIS program (Pharmacia) 

'£ 5* S FRY88 • FRY7 ' was,used for DNA and protein analysis*. Seance compari- . 

\pxklA:':LEU2) 
EBY. UTL-2 

IK (MATa, ( _ b .. v ^ , ( ,.^. ; ...^^ .... 

' 1992). Yeast 'cells were grown at '28*0 In 1 yeast^ptone r rne- " . . . . 

dia (1% yeast- extract, 2% bactbpeptone),-in synthetic mini- - 7 -The URE2, gene .was cloned,by the polymerase chain rer.., 

mal media [0.17% Difco yeast nitrogen base, 0.5% act,on . < PCR : Saiki .et al..; 1985) using .avpajrv.of primers. - 

(NH^SO,, 1 0 mM KH,P0 4 ; pH 6.2. supplemented for auxo- < Rotn > designed to PCR-amplify a DNA' fragment, enclosing 



^lyiotecutor.^ *secorri#l^ 

DNA- was prepared and manipulated according to* the ATT-3') is located at position 1155-1 133. It containsa single ; 

procedures described in Sambrook et al. (1989). Yeast-spe- G ~> c base^exchange at the fifth position as compared to the 

cific techniques were described by Guthrie and Fink (1991). published sequence to create an EcoRI restriction site. PCR 

pUG18, pUC19 (Yanisch-Perrpaet al ^1985), pBluescript II with ^ polymerase (Boehringer, Mannheim),with ^is oli-.^ 

SK+ (Stratagene GmbH)i?ahd the 'plasmids YEplac 181, gonucleotide. pair ;^as; primere tand chromosomal DNA of; ; 

. YEplac 1 1 2 and YEplac 1 95 fromithe scries of t Gietz and Stir strain- ENY WA-1 yV/as template- yielded , a 0.8-k^ 

gino (1 988) served as vectoi$:.£^rAencA/aTo/i-strains JM 1 0 1 containing part 6f> the jcoding region of The fragment i - 

aruTSURE (Stratagene GmbH) were useti-for^the propagation * was4hen digested ■wiu^.£(y?RI v a 

of plasmids. Piasrhids 1 " " ' ~" ~°' ■—«-■■ - « »■•' 

to Schiesti and Giet2 
previously described 




Construction of a genomic ^gene: library r ^iv - - • : ^^^J^ a • ^%^4^^ A ^ me " 1 °^ 

<>.<,;/ \. , -< ~y~'-h r v ><>-yAr J .'>*t ^- f plasmid YEpMSP3 containing the complete, insert , ; was re- 

, Yeast ./chromosomal . 'pI^A;' ^was,] |>reparejd, - iffpin strain', -.cloned into vector YEplacJ1Z^5;^•^^'^V^^;:N•^:VC^•'^ ; ^' , ■ 
EBY23 ipgilA) according tqtiriacy/ah^'Willia^n (1981). YEpmsp3-B: a 2.9-kb BamUi^Sphl DNA - fragment 

Chromosomal DNA (100 ug) was partially digested v ith 3 containing only the first 2948 bp of the insert of plasmid 

units of restriction enzyme Said A for 1 mi n at 37 °C.' DNA YEpMSP3 was subcloned into YEplacl81. ^ ■ : 
restriction fragments were electrophoresed in- an, agarose gel YEpmsp3-X: a 3.9-kb Xlio\-Sstl fragment cbiitaihirig 

and fragments with a size between 4.5 and 10 kb were i so- the last 3931 bp of the insert of plasmid YEpMSP3 was sub- 

lated from the gel. Isolated DNA fragments (9pg) were li- cloned into YEplacl81. 

gated with 1 pg fiawHI-digested vector YEplacl81 which YEpGDHl-U: a 2.4-^/^1 -Ctal fragment of plasmid 

had been dephosphorylated using calf iritestinal pfiosphatase pYCl (Mbye et al^l985V- containing the complete GDH1 

(Boehringer, Mannheim). The ligation reaction was trans- gene was subcloned into YEplac 195. 
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pl)RE2del (ure2A : :LEU2)\ the 0.3-kb SphXScal frag- 
ment of plasmid pURE2 containing part of the URE2 coding 
region from +392 bp to +670 bp according to the published 
sequence (Coschigano and Magasanik, 1991) was replaced 
by a 2.5-kb Sphl-Smaf fragment with the LEVI gene origi- 
nally cloned into pUC18. 

pGDHldel (gdhlJ::URA3): a 5.4-kb BamH\~Cla\ 
fragment of plasmid pYCl (Moye et al., 1985) containing 
the GDH1 gene was subcloned into p Blue script II SK+, re- 
sulting in pGDHl. A 1.0-kb HmdlUSnd fragment of 
pGDHl containing most parts of the GDHI coding region 
from +23 bp to +976 bp according to the published se- 
quences (Moye et al., 1985; Nagasu and Hall. 1985) was 
replaced by a 1,1 -kb HindlU-Smal fragment with the URA3 
gene of plasmid YEp24 (Botstein el al.. 1979). 



Construction of deletion strains . '->S\ - , 

* the deletion mutants were consYmc'ted.foliowin^ 
.step gene -replacement procedurerpf Rothsteiri^(i 983)!' Trie 
deletion plasmids carried different selectable markers which " 
allowed us to construct multiple deletions in the same recipi- 
ent yeast strain. pEB22 [pgiIA::TRPi) (Boles et al., 1993) 
was digested with BamH\ and Sad and transformed into the 
haploid strain ENY. WArl B selecting for tryjptofihan protot- 
. rophy on a 2% fructose and 0. 1 % glucose medium, resulting 
in! strain EBY22 <jigilA:]}fRPJ)h The deletion .;. plasmid 
pM 19-7 (c»:// J : :URA3) of Tnbm^et al. < 1991). which con- 
tains most parts of the open reading-frame of me*ZVVf;7,gene 
"replaced by the t//Mdf. gene, J was,cut ,by Hindi}) and BawHIV j 
'^arid-used to transfonn: Strain EBY22 to uracil prototjropby, on 
a 2% fructose and 0.05 % glucose mediumVresuHing.iri'straihi:. 

::LEl ?). was digested- with. Atari .and -EcwRI .(partially) and ■_ 
transforme&into strain. EBY22 ^jMting'-fo^leucij^p^oup-; 
phyon a : 2% fniL ose and 0.05%' glucose medium,-. resulting 
jn'sirain EBY229 </>j?r/^ 
(/,&A/i4/:£//M3).w^ ■■■■ 
to v transform;; the haploid- . wiUtoype ;stfein^ENy..^WAHA'-t'''.' 
to!- uracil • prqtotrophy;i > resulting. unV** strain.- v;-EBY99 v ; * 
(gdh I A : : URA3). Strain EB Y99 was then crossed with strain , 
EBY22 and tetrad analysis was^>ei formed, resulting in strain 
EBY227 [pgilA::TRPLgdhIA::URA3) which did grow on 
; a 2% fructose and 0.05% glucose medium: ,l>eletion mutants 
, were confirmed by.; Southern^blot analysis, enzyme, activity. . 
r assay and. their growth- properties;^^;,/^/ -V'. \& k .' r .>^0 

Enzyme assays ri'-'V. " ^"'"'"''^R^i;^;! l*."^"i'-^V p >- B - *™ ■ 

: Crude extracts were prepared using glass tods for break- 
ing;the cells as describeaby Ciriacy and Breitenbach (1979). 
Phosphoglucose-isoinerase 'acjiyity-w^ . 
tOx'Mailra and Lobo;( 1 97 1 ) jand.glucp^ 
drogenase (Glc6/>DH ) activity : according; to; Kuby and Nolt- 
man (1966)! NADPH-specific glutamate, 1 dehydrogenase 
(NADPH-GluDH) and NAD-specific glutamate dehydroge- 
nase (NAD-GluDH) activities; were assayed by using ,the 
methods of Doherty (1970) and Cornian and Inamdar (1970), 
respectively, except that both enzyme activities were assayed 
in 50 mM imidazole pH 7.5, containing 10 mM MgCl 2 , 
100 mM KC1 and 0.1 mM EDTA. Protein was determined as 
described by Zamenhof (1957) using" bovine serum albumin 
as a standard. 




YEpmsp3-X 



1U> 



Fig. 1. Restriction map of YEpMSP3 and derivatives and the 
sequencing strategy. The boxes indicate yeast sequences and the 
lines indicate YEplac181 vector sequences. The black box indicates 
the open reading frame of GDH2. Suppression results for the dele- 
tion derivatives of YEpMSP3 are indicated at the right side: (+), : 
suppression positive; (-) suppression negaiive.Xinle arrows mark 
the direction arid length of the sequencing reactions. Abbreviations: , 
B.fiamHI: P, \Ps/i; R. EcoRU S, Sail: XV X/uAi MCSL multiple/ 
cloning site. 



Determination of metabolites ' ■ * 'V'. 5 

" Preparation of metabolite extracts was performed essen- 
tially as described by Boles and ^ Zimmerman n (1 993a) and 
; Boles !efc<ah (1993). Metabolite concentrations > were^deter- 
mined according. to Bergmeyer ( 1 974 V - : - - 7 , 



RESULTS ■ ->-v ,- ■ l'-^ 

Isolation of muJU-copy suppressors ^ ' ** y ' 

A .genomic^library , in the:. 2p-based . multi^cop^piasmid ■ 
sYEplac: 181;(Gietz and Sugino, l988);.was>,prepared.|friom,a: 
. partial -5rt»3A digest of DNA pf3pg/7Cdeletion:s^n ) EB Y23 ■ 
- (Boles and Zimmerrnann, : 3 993a) - and traitsforined-]intb >;this ■ ^ 
.strain.: Tiansfprmed icells were first. plated on^a rteucjne-free 
medium to. select for plasmid uptake and supplemented with : - 
'2% fructose and 0;i % glucose to allow all transform ants tor 
grow. More than 60(H) transfonaant^otomes grejiMip. within 
four days at 28 °C and were replicated onto the same basic 
'medium supplemented with 0.1 ^ glucose as the. only ^carbon; 
source. The replicas of 37ic6lonies ?had grown within two - 
. weeks. Three of these' .^sf(Hi^ts F Jost'^he: ability -!tq ,gtwp. . 
on. a medium with O.^ glurose-afterJO-lS cell; divisions 'ix 
Son a nonselective yeast/peptone medium, with: ^^2%;;rractose. ^ 
v and 0il t % glucose, this ,indicatexi,mat-g^w^ 
the sole carbon source was/due to the presence of a rnultir ; 
copy plasmid-borne suppressor gene: The plasmid in the fast- 
est growing tiansfonnant,;was ; called ,YEpftSP3 ;(for -multif ./ 
copy suppressor of pgil. mutants to grow t pn glucose): - . -v. 

Characterization of YE^MSP3 ' ■ : ^ ^ S ^: ^ ^ I 

Plasmid DNA was isolated from transformaht MSP3 and 
characterized by restriction enzyme analysis ; (Fig.:l). The 
complete 4.8-kb insert of YEpMSP3 was recloned into vector . 
YEplacll2 (GieU and Sugino, 1988). with a tryptophan ;) t 
marker to allow for selection of the plasmid in different tryp- 
tophan auxotrophic strains. The resulting plasmid YEpM- 
SP3-T was transformed into other glycolysis mutant strains- 
with deletions in the genes coding for pyruvate kinase 
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1 G A TCAAAGAAAT AG AAACGTG TCAACTTG TGCGCGCGG CAAGCCC AAATG AGG CATCG CT 2461 T TG AA TTC < "d A< ' m AC ^'^ ^ A TTG ^ ^ AG JJ AC ^^ 'q** L^* A C '"s ^T C ^ ftG ^ A *^ G '^^ A 
61 TCG AAT AAT AAACAAAGGT AATCAC AT AC A T AC AAA CAT ^^3^^?5fjT?^?5^?^3 2«1 «TA^ATMTrcA^ 



61 TOGAMAATIUWCAMGGTWITCACATftCATACAAACAT AATAACGATATTCCACAGGC1GCCTCTUAGCTGTCATCTTATTCAACCCAGCAT?TCCTA 

121 tWSCCCCCTCCATCAGCGAACGTAACTWAACAATACCAATOTCATACTGGCCATATGCT 2521 AATjWWATATf«.«o«.w.iw* SKGVlLLNpGIjV 

181 OCACCTTTTACTTACCCAAOTAATACTTACA6CACTOTAACCATA6CTACATATACGTGA 

241 AAATAC»ACTATATCTAATCTAATCTOTCAITT&TTTATTTATTTACCCTCGCAAAACCA 



2581 G AACATC ACCAGAC ATTTCTCGCCTTTTCCCAAT ATCTtW ATGCAAM ATMAC ATTCT A 

241 AAATACOACTATATCTlwrvxiuiTwitti^n* » *a* »»«**»"•- — — » — BHDQTPVAFSQYVDAHID I u 

301 AGTCCGCTroAAAAGGGOTACCCATCTGGCGCCTATOTCTGOGGCGATTCCGCAGGACCG 2 641 ATCAACGATCCATTAAAGGAAAACTATCTCAACCTTTTACCAAAG^ 

_^.__A«>&>>mj-im«,KI»W INDPLXENYVNLLrKEBII>t r 



601 TGTCATTCTCACGATCTCAACAAAACATACAAAACAAGGATATTAAATTCACAACAATAA , B21 c ccCATGACGAATATGGTATGACTTCTCTGGGrcTTCGTGCTTATGTTAATAAAATTTAC 

.^^r^r^i^a a arwir-Mftkrar a pHDEYGMTSLGVRAYVNK I Y 

2881 GAAACTTTAAACTTGACAAATTCTACTOITTACAAATTCCAAACTGGTGGTCOGGATGGT 
ETLNLTNSTVYKFQTGGPDG 

2941 GATTTCGGATCCAATGAAATTCTTCTATCTTCGCCAMCGAATGm 

OLGS. NB IlLSSPHBCYLAI L 
3001 GAOGGTTCAGGTGTCCTGTCTGATCCTAJVAGGTTTAGATAAAGATGAATTATCCCGCTTG 

0 G S GV L C D P KG L OK D E L C R L 
3061 G CACATC AAACXJ AAAATCATTTOCGATTTCC ACACTTCCAAATTATCAAACAACGG AWT 

A H E R'K M I S I5.FD.T S K L S MNG P 
3121 TTTCTTTCTGTGGATGCAATGGATATCATGCTACCAAATGGTACAAT TGTACCTAACGGC 

P V S VD AHD.I HL P-NG T t VAN G 
3181 ACAACCTTCAGAAACACCTrTCATACTCAAATTTTCAAATTOTGGAT« 

T P R N T F. H T Q I P K P V 0 H V D I 



661 AAAO^ATAAAGAATGCTTTTTG™^ 
721 CCAOATATTGCTTCTT^ATCAATATCATCCATGTCGG 

781 GGTAACGAOCTGCAGAGAGAGGAAGTGATAGATTTCC^AGATttGCAAGGfiCTTATTCCC 
GKDLQREEVI DLLDUQCr I v 

841 gacga™atc|i*c^^ 

901 TTCTTCTCG AG AG AATCTCC CC AATT AATCTCG AAT A TCAT A CATTCTTTGT ATG CTT C A 

PPS RBSPQL*. SM I I H 5 L X A S 
961 AACCT AC ATTTCTTTG CG AAGT C C^AATTCWCGG AATT^GCC AACG CT ATTCAG CA TT 
KLDPPAKSKPNGIQPRl' S I 

1021 AAAAAC AAAATT AT AACT AATGATAATCATG CCA TCTTT ATCG AATCTMT A^"TG C TGT C , i » . .» » * r . n - . x * . - - - - - - 

K N K I ITNDNHA. IFHESNTGV 3241 XTTGTTCCATGCGGTGG TAG ACCyU^CTCAATTACTCTAAATAATCTACATTATTTTGTT 

* 10S1 AG CAT AAG CG ATTCT C AGCAAAAAAACTTT AAATTTC CT AC TC ACG CCG T CGG AAACG AT P V P C G -G H P :N S I T ' L" N N L H Y F V 

S .1 S O S Q Q K M: P. X F A S O A V G N D i3J()J GACGAAAAGACTGGGAAATGTAAAATTCCATATAnGTGGAGGGTGCCAATCTATTTATA 

1141 ACTTTGGAGC ATGGTAAGGAT ACCATCAAAA. -,\AAT AGGATTGAAATGG ATG ATTCTTGT . Q.E K T G K C K- I P Y I. V E - G. A M L F I 

j? L E H'G K 0 T I K K R' I E, M D O S C. • 336l a CG c AA C CTGCT AAAAATG CTTTG G AGG AACATGCCTG T ATTCTGTTCAAAG ATGCTTCT 

-1201 CCACCTTATGAATTAGATTCOGAAATTGATGACCl 'tTCCTGGATAACAAGTCTCAAAAA ,T. ' Q P^'A R N, A ■ L E> E" H C-C I L 'F K . D A 



1381 AAAGGTGATATTCAATCGATTAGTGATAAGACCA^ 

KGD I ESISOKTHYKvSSNEN 
1441 AAAAAACTATACGGTCTCTTACTTAAGTTGGT^AAAGAAAGAGAAGGTCCTGTCATTAAG 

KKLYGtLLRLVKBRECPVIK 
1501 ACT ACTCGCTC CGT AG AAAAT AACG ATG AAA TT AG GTT ATT AG TCGCTT A C AAC-CG ATTC 

TTRSVENICDE. IRLLVAYKRF 
1561 AC«CTAACCCWATrACTCTCCTTTGAACTCrrTGT^<XACT^ 

TTK RY YSALN S LFH Y Y K L K P 
1621 TCT AAG TTCTATTT AG AGTCGTTT AATGTT AAGGATG ATG ACA TCATT ATCTTTTC CGTT 
S'-KF-YLBSFNVKODD I I I PS V 



AAGl^GTACXJTTGTAGAAGTCCAGTCAAGAATTCAGAAAAATGCTGAATTAGAGTTTGGT 
K S Y V V E V Q S R I Q K N A B L E F G 
3601 C A C TT ATGG AA TTTG AATCAA CT AAATGG AACCC AC ATTTC AG AAA TTTC AAACCAA TTG 

QLHNLKQLNGTHISBISNQL 
3661 TCCTTCACTATAAACAAATTGAACGAOGAT^AGTTGCrTCTCAAGAGTTGTCGCTCAAT 

SPT INRLNDO' LVASQBLHLN 
3721 GATCTAAAATTAAGAAACTACCTATTGTTGGATAAAATAATTCCAAAAATTCTGATTGAT 
- D L K L H ■}« Y C L L D ■ K I I . P K I L I '* D ' 
3781 GTTGCTGGGCCTCAGTCCGTATTGGAAAACATTCCAGAGAGCTATTTGAA TTCTTCTG 
V AG PQS V LEH I PB-S Y L K V L L 
a-R.r i U c o r „. nwv » - - - - - - 3841 TOGAGTTACTTATCAAGCACTTTTGTTTACCAGAACGGTATCGATGTTAACACTCCAAAA 

, 1681 TATTTGAACGAGAACCJWCAATTGCAAGATCTTCT^ , S S Y ? ';L cS , : ;S „T F V Y Q;VN G: .l D V jH I G K 

Y I N B » Q Q L E D' V L L H D V E A A L",*"" jgjjj TTCTrGGAATTTATTC^TGGGTTAAAAAGAG AAGCCC , 
'; 1 >1741-AAACAGGTTGAAAGACAAGCTTCATTGCTATACGCTATCa»AAC^ K- R\!-v*'-:B-A' , 'S A';* 

X Q •V. B R B A S L L Y A I P N N S F H E ^ , 3961 AAATTGT TTTG T A T AAATT AG TTCTG COCTCAGAAAAG AAAATT AAACATATGTG T ATCT 
t 1801 GTTTACCMAGACGTCMTTCTTOCTCJVAACM 4021 .jCTTCTCAGCGTTTTATTA#rGTACTA^TAAAGT^ 

' 'ibm ; ^^kWar^mwTftw«TLTWA^eTcrre v4081 TAAAAAAAG^TTTGATATTTTTTCCTTCGACTTATCCATTA^^ 

v 1861 wcattaj^ttttottaatcgt«aggct™tto accgagccatScttwgctc^ 

1921 accattaagcgtaatgatactactcttttggagattgtagaaaacctaaam ■ 4201 AAAGGGTTITTCAAATAAACTAAAAATGAATAACAACGATCGAAAATCAATAAAAACT 

, ., T .1, .K,.R . H :.0; Tj'T .L', B 'I. V. r E H L .K.,R K -L ' 42 61 AG G AGG C AG CATC TCACTTT CAAAT AAG ACTGT AAAGG AATT ACGAC AACT ACTAAAGG A ■ 

1981" agaaatgaaaccttaacttagcaaactattatcaacatca v 432i aXgctacXcottccaagatcaactaactgaaot 

■.' i ,5 ■ N..J...T. Q 9 T ^A? 1 . N . .f . ? H . Y T. r 1 4331 gccgtcgcaag aagctgaatttcatgcgctaagccaatcttccttgctcaaaactaaact^. 

2041 AT'TT CC AAGTTGT AT AAAAATTTTGCTCAAATT CACT ATT ATCATAAT AG T ACT AAAG AT 44<J1 jy^ft cA^cftjyy; TAGTACAGATATTCCGAG TT ACACCCACG T A CTT AT ATCAAAATT ATC 

' VlOl iTGcVGAI^AcATTATCTTTTC^ ^ISS^^^I^^ 

1 .*.•, :M : r BwK> Trit^.S.-P- Q R L> E" K- V-;E.-P,F K- M >'D -fl '4561 AATG GCGTTC ACA TT AAAAG ATAAT ATTGTTGT AATGG ATTGTTTCAATC T TCC CUT AGT 
• '2161 GAGTTCG AAG CTT ACTTG AAT AAA TT CATTCC AAATG ATTC ACCTG A TTTGTTG A TCCTG ^ -; x 4 62 1 ACGGACAGAAAC^CCTAAATCCACAATTGGAGTaiM 

'^"■■EJ-r-E/AVy-L-'H ,K P L P N D S~P D L' LVI ^ ' • '468 1 CCACCAGATGT AT AATCATAATG ACGGTGGTG ATGGGCG AC ATT ACAAGGG CG CT AAACT 
; .^221 . AAAACACTGAACATCTPCAACAAGT^ 




Fig. 2. Sequence of the complete insert of plasmid YEpMSP3 containing the GDH2 geneTThe predicted protein sequence produced by 
the gene, coding for the NAD-dependent glutamate dehydrogenase, is depicted, below the nucleotide sequence. Numbers indicate 

■ the positions of nucleic acid residues. Differences to the sequence reponed by Milter and Magasanik (1991) are printed in bold and are 
^iunderh"ned;^ -vv ^- t > " - 1 - : . • • •. . .7;,^.^ *r ^^\'4^ - - - 



- .,, . ..■ ■ •• 

i/CEBY^Sj.-phosphoglycerate mutase (EBY66), phosphoglyc- 1 
erate"kinase r (EBY71), triosephosphale isorherase (EBY88). ^ 
j. fructose bisphosphate aldolase (EBY8) or phosphofructoki- 
nase (EBY8 12) which cannot grow on a glucose medium ? 
: f (Ciifton^et al.. 1978; Ciriacy and Breitenbach; 1979; Boles w 
vand Zimmennan^ However, the ability to grow on. 

^ glucose was pniy" restored in ihe pgil deletion strains EBY23 : 
.y and EB Y/ UTL-23. ■ ^ 

the nucleotide sequence of the complete 4.8-kb DNA 
insert was determined by sequencing of both strands (Figs 1, 
2). A single complete and open reading frame from position 
, 673 bp to 3948 bp of the insert was identified with a pre- 
dicted coding capacity of 1092 amino acids of a protein of 
124 kDa with a codon bias of 0.21 (Bennetzen and Hall, 
- 1982). Suppression of the pgil deletion is due to the open -* 
reading frame (ORF) and not to adjacent sequences, because 



^ deletiohs exte^ 

!ished^i»/A suppression . (Fig^- 1 ; -^'-^ • ;* v i-:;*^ 

. ,";THe' nucleotide and the predicted pr6tein ; sequence were . 
'compared tb f the databases: The DN sequence from >26893bp^ 
to 3607 bp still within the open reading frame was found to " 
^have aboiit 60% similarity to a partial cDNA sequence of the 
Neuwspofa cv-fl.vra NAI>-specific glutamate dehydrogenase 
(GluDH) (Vierulii arid Kapoor, 1989). Also, at the amino acid 
sequence level a significant similarity was found to the 1026- 
ami no-acid sequence of ihe : N. crassa NAD-GluDH (Austen 
et al„ 1977; Haberland and Smith, 1980) (31% identity in 
the ami no- terminal and 54% identity in the carboxy-terminal 
half of the proteins). On the other hand, the GDH2 gene of 
5. cerevisiae coding for the NAD : GluDH had been cloned 
and mapped by- restriction enzyme analysis (Miller arid Ma- 
gasanik, 1990). The restriction enzyme patterns identified an 
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Table 1. Enzyme activities of NAD- and NADPH-dependent glu- 
tamate dehydrogenases in different strains after growth on syn- 
thetic complete media (without leucine or uracil) with ammonia 
as a source of nitrogen, and 2% fructose and 0.1 % glucose as the 
carbon sources. WT = wild-type (ENY. WA-1B); pgilA= EBY22; 
pgil A ure2A= EBY229; YEplacl81 and YEplacl95 = cloning vec- 
tors; YEpMSP3 = YEpIacl81 with GDH2- YEpGDHl = pCYG4 
of Nagasu and Hall (1985) <YEpl3 with GDH1)\ YEpGDHl -U = 
YEplacl95 with GDHI of Moye et al. (1985). 



Strain 



Specific activity of v 



NAD-GluDH 



NADPH-GluDH 



mU/mg protein 



,WT.YEplacl8! 

piiiVA YEpIac181 
V pqilA YEpMSP3 , 

pgil A YEpGDHl V •. 
:pgUAiw2A YEplacl95 /P : 

pgil A urelA YEpGDH l-U 



9.8; . 
17.2. - 
4468:0, 
* 19.6V • 

34a a ** 



236 1 
271.2 

, 306.0. 
3099!0- 
"158.71 



289.2^^A.■^ ; | ^ ^670;2>; 



overlap between the GDH2 gene and the DNA insert of 
;YEpMSP3 which covers the complete ORR Miller and Ma- 
gasanik (1991) reported the sequence of 1300bjp of the 5^ 
" .upstream, regulatory region and' 239 bp of the coding region 
"of (&i)H2. The last part of this sequence; overlaps with the 
; :.Hfirstt:91 1 bp. of the DNA -insert ^f ^EpMSP^^oV' shows 




Characterization of the transformants 

The pgil deletion strain EBY22 with plasmid YEpMSP3 
(with GDH2) showed a 260-fold over-expression of NAD- 
GluDH (Table 1 ) as compared to strain EBY22 with plasmid 
YEplacl8l (without the GDH2 gene). 

The pgil deletion strain transformed with YEpMSP3 
grew on complex yeast/peptone and the mineral salts syn- 
thetic complete and synthetic minimal media supplemented 
with 0.1% glucose (Fig. 3), 1% glucose, and 2% fructose in 
combination with 2% glucose. Doubling times in a liquid 
mineral salts synthetic minimal medium supplemented with 
0.1% glucose were 2.5 h for wild type and 6-10 h for the 
transformed pgil deletion strain; however, no phosphoglu- 
cose isomerase activity was detectable in crude extracts, nor 
did trahsformant strains grow on a mineral salts medium with 
only fructose. / , /; \ 

The ; respiratory inhibitor antimycin A blocked ; me growth,. . 
of .the,;YEpMSP3 transformants ph. glucose-contairiing me- 
dia; Therefore, suppressor activity depended on a functional . 
respiratpry.tsystem as already noted for,the chromosomal sup- v 
pressor; mutants of Aguilera (1987) arid Gamo et al. (1993). ' 

Proposal of a model for suppression of pgil 

'The physiological properties of the pgil deletion Strain" 
with the GDH2 over-expressed on" a multi-copy vector can 
be explained by the following modeT; (FigH)^vIn: ; the< .-first 
moments after addition of glucose' to '^V/ deletion cells, glu- 
iy. cose is oxidatively degraded to ribulose 5-phosphate with the 1 
» : r-:COTroniitant'rediiiption of NADPjto NADPH : in the* rtactiohs^ * 
ucose-&P(ahd 6-phosphogluconate ^^eH^drd^fr 
ijs'causes a ' rapid decrease? inKu^e^ievel, of NADP « 



ill 



mosome number XII (data not shown): 



oxoglutarate to glutamate by the NApPH-GliiDH generates 







Fig. 3. Growth properties of different mutant strains. Cells were streaked out on synthetic complete media supplemented with 01% 
glucose as the carbon source and lacking leucine (A) or uracil (B). Agar plates were incubated at 28 °C for 3 : days (A) or 7 days (B). ' 
Strains: WT = wild-type ENY. WA-XB; pgil A = mY22,pgiIA /gdhlA = EBY227 ; pgil A fotfl A = EBY228i pgil A A* re2 A « EBY229. 
The strains were transformed with different plasmids: YEplacl81 and YEplacl95 = cloning vectors: YEpMSP3 =; YEplacl81 with GDH2\ 
YEpGDHl (A) = pCYG4 of Nagasu and Hal) (1985) (YEpl3 with GDHI) and YEpGDHl <Bi = YEplac 195 with GDHI of Move ef al. 
(1985)(YEpGDHl-U). 



Glycolysis 



Glucose-6-P 
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cells. Interestingly, NADP levels were below the level of 
detection in the pgil deletion mutant, while over-expression 
of GDH2 increased the level of NADP to about half of wild- 
type levels. Glucose 6 -phosphate concentrations were lower 
in the transformants but still very high as compared to the 
wild-type cells. 

Interruption of the glutamate dehydrogenase cycle by de- 
leting the GDHl gene coding for the NADPH-GluDH in a 
GDH2 over-expressing pgil mutant strain blocked growth 
on a pure glucose medium (Fig. 3) when replica-plated from 
permissive synthetic complete medium without leucine and 
with 2% fructose and 0.01% glucose, gdhl deletion mutant 
cells exhibited only slightly reduced growth rates in a wild- 
type background. Growth was also slightly reduced in a pgil 
mutant background with 2% fructose plus very low amounts . 
of glucose (data not shown) but the double deletion mutant ; ' 
; was still more sensitive to low amounts of glucose . and irifiib- . t 
J ited;by glucose concentrations higher than 0.06% in combi- 
' ' J ;:-V- :■?■';,. ,'1 , ^nation with fructose whereas the pgil single! deletion mutant 

: .. . ' . r y v --'% v ^ V under] the/same. conditions was .only inhib!tedJby;gIuco^ 4 conr.. * v 

ribulose 5-phosphate. NAD can be regenerated From NADH . _^ ° .. . •■ ... . . 




/ Respiratory\ 

1 /-hain J 



Fig. 4. Scheme of the proposed model for pgil suppression by 
high-level expression of NAD-CluDH. See text for further infor- 
mation:* "' '? .\-* v - ■ ■ - ' . ■ 



by the respiratory system whose function is required for the 
suppression of the pgil deletion defect. Thus, over-expres- 
sion of GDH2 creates a cyclic transhydrogenase system 
which oxidizes NADPH to NADP under generation of 
NADH. 

Additional experimental support of the model 

. Determination, of metabolites 



The model proposes that over-expression of GDH2 only 
relieves the inhibitory effects of the glucose and does not 
restore a conversion of the hexose 6-phosphates by other re- 
actions but only provides for a transhydrogenase, system. The 
structural gene for glucose 6-phosphate dehydrogenase , 
; ZWFI can be deleted without any obvious metabolic defects 
, ... in glucose catabolism j(Nogae^md ^Johnston, 19?0;,,Thomas 
,et al;V: 1991). A double' deietTon- mutant -pgitfoifl .* (strain, 



■ "v^ ^ inhibited pn a ; fructose medium. ibyvglucqse 

&Z0^S<5i<H&b\c 2). After incubation with- 0.1 % glucose> the levels 6f^ ^ cohcentVations higher^than 0.05% iEurthermore; ovcr^\pres-- ^ 




Metabolite 



■mm 



Concentration in 
' ; o}\ # glucose ./<»" A " y*^*' 



>#/J/YEpMSP3 
tiilW glucose 



pgil J (EBY22) 
-0.1*, glucose ," ■"" - 



4Glucohate-6-^> ?V""%' 1 
t;S^dpheptulose^7-/? 
j*Frtictose-6-P : 
fructose- i.6-Pr ; 



Jh "\- ^>5>:^lGiycerate^3-/' ■ 
^v-'r^vC^t. ^lycerate-2-P ' *• 
> ' / > Phosphofw/pyriivate 
Pyruvate 
.. ;., . , 2-Oxoglutarate 
: ■"^"* '■ Glutamate 
•: • ; ATP 
NAD 
NADH 
NADP 

NADPH - 



4- 




0:74 

1.43 
74.27 
• 5.30 
3.69 
3.18 
0.25 
0.70 



ifc'58.60*-' 

W3*> w ■ 

- 0.81 ' 

^^o:50 

*V v l.Of : 

'^0.33 ■ ; 
Q(*> 
0.69 
, 128 
31.16 
3.56 
4.96 
4.09 
0.14 
0.98 



'*5~76.2o; ; £v^.;.^ 




( 4).38^H^^: 

•-'•o.26 ; >-:-'r ? y 



0.36 
0.83. 
21.52 
0.87 - 
3.91 
3.38 
: o.io 

0.77 
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1973; Coschigano and Magasanik, 1991). In pgil/arel 
double deletion mutants NAD-GIuDH activity was strongly 
elevated but, at the same time, NADPH-GluDH activity was 
reduced to about one half of the value of the pgil single 
deletion mutant (Table \).pgil/ure2 double deletion mutants 
could not grow on a pure glucose medium (Fig. 3) but 
increasing the level of the NADPH-dependent GluDH by 
transformation with plasmid YEpGDHl-U (Table 1) enabled 
the double mutant cells to grow very slowly on 0.1 % glucose 
(Fig. 3). Oh the other, hand, a more than tenfold elevated 
NADPH-GluDH level in the pgil single deletion mutant 
EBY22 by transformation with plasmid pCYG4 carrying 
GDH1 (Naga^u and Hall, 1985) did not at all restore growth 
on pure glucose. medium (Table 1, Fig. 3)., '' . ; \\'.' 

The model suggested that conditions; causing . an 
increased oxidation of NADPH will also suppress the phos : ; 
pKoglucpse isomerase defect. Oxidizing agents are known to v 

; redufce the level of NADPH, presumably via the : reaction of ; 

i ^glutathione reductase (Kosbwer and Kosower, -1 W^sce -No-. . . . 
<■ igaerahd Johnston, 1 990).»For .the « of v. 

oxidative^- stress, H ; p 3 »or eiec^n-tr^sfemngv^ 
such as menadione, which transfer electrons from a cellular ! 
donor to molecular oxygen (Hassan and Fridovich, 1979) can 
be used (Schnell et al., 1992). Actually, addition of H,0 2 (not 
shown) or menadione promoted. growth, of ^giV^mutant cells 
on a pure glucose medium (Fig.. 5). Furtherrrwre; menadione * 
could not promote growth on glucose of a zxyfl/pgil, double 



: r deletion strain (Fig: 5): "* -\'^h%'t 





: L : : ^glyceraJdehydeOrphosphateidehydro^ V 
generated. NADH has to. be re-pxidized in;the alcohpi dehy- ;i .. 
U-.i:/L ^drogenase reaction? ,'AYtotaI .lack of alcoh^b^yfe^ase ;;'} 
(Ciriacy; .1975) and/ pyrovate^decartoxyja^ 



menadionev(G) the ^//-mufanWsu^h EBY22) w ith 5 uJ-H:6V(D) • • 
the..j>giI/o\fl.. double- deletion,, nutant (strain- EBY228); wito;tf ul 
30%lmenadione t .Cells were grown 'first; in. yeastffcpta^ 
tose:±)6M^ glucose liquid m^ia and £ plated ..-on. tp^the;'ag^!plates e' ' • 



. Vr .... 



glycolysis in S. > ;cerevisiae*\& , .^so blocked? in^ mutants .lacking ( 
trehalose ; synthase. This: was' explained- by ?Hohmann'-et *al.*;^ 
(1993) who suggested that trehalose synthesis functions as a - 
'metabolic buffer system' to recycle the phosphate residues 
rapidly , bound in glucose 6-phosphate after addition of glu- 
cose back to inorganic 1 phosphate, which is- needed for -the;^ 
glyceraldehydeT3-phosphate. dehydrogenase reaction.;^ 
. Mutants, with .reduced, phosphoglucose isomer^ activiT; > 
ties accumulate high concentrations of ;glucpse^6-phosphatei 
>when f supplied-: with glucose as already -noted;' by ^ 
(1971 ) ; who interpreted the inhibitory efi^t^;g}ucpse as-a;^ 
toxicity of glucose ^phosphate becaus^ 
^rbw^^should be possible ^ 

•?cose ; 6rphpsphatej via .-: thejpentose ;phosphate!^amway; ;Our >. , 

'data suggest that it is the Vrajjid consumption- of NADP >«tfV. 
an insufficient rate of regeneration of NAPPytrom N^FH 

- which 'f prevents the 'direct oxidation' froni-ibi^fating^-Howri 
ever, establishing a transhydrogenase system by a massive 
over-expression of the NAD-dependent glutamate dehydro- 
genase or oxidative stress induced by H;p 2 * or: menadione 

/which causes a strong oxidation of NADPH suppress ;the "in*y 
ability of phosphoglucose isomerase mutant to grow on glu- 
cose. Both conditions establish a new example for a meta- 
bolic regeneration system. 

' NAD-GIuDH serves' a catabolic^function catalyzingnhe' 
NAD-dependent oxidative deamination of glutamate to 2- 




oxoglutarate : and ;ammoniunr< ion; (reviewed 1 by Magasanik; 
1992). The gene. GDH2 coding^^w^AD-GluDitwas cloned 
previously and partially sequenced by Miller and Magasanik 
( i 990, J 991). Expression of GD//2 is subjected, to^nitrogen . \ ■ 
anoV carbon :regulat^ 

Coschigano and Magasanik, ,1 99 1 ;,Klinehart and.Magasanik, > . \ ^ - 
1991 ^Coschigano et aUd^i)^ / 
enzyme.ofVS: ceimsiariiMte 

nia into an' organicform by;a reductive : aminatipn^pf 2^pxoj^M;{^:- «<? 
glutarate^o^ glutamate fusing ^NADW 

viewediby Cooper. 1982). The gene; QDHl coding; for NADs^> ' ^ 
PH^IuDH had beeri. cloned and ;sequence^ 
^1985) and Nagasu^andiHall O 

are high -and : IVADrGlupH levejsrare. low when ammonium 1 , 
ions are supplied as; nitrogen\source.M" ^r , 

The /low wild-type level i :of^-NADiCSiupHjacdyi^..iwas-: , 
also found in a pgil deletion mutant incubated in a fructose/ : 
glucose/ammonia medium (Table? |);. It could,;be increased 
either by transformation into the cells of a multiTcppy plas- i 
mid carrying the GOH2 gene or by deletion of : the :URE2 )i \. 
gene which coder for a negative regulator of GDH2 expres- 
sion (Coschigano and Magasanik, 1991). The nearly 300- 
fold elevated level' of; NAD-GluDHMn the-transfortnants- is* =nr 
probably due to a deregulation of the gene if present on a 
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multi-copy plasmid and an elevated copy number of the plas- supposed that a significant transhydrogenation between pyri- 
mid due to selective pressure for very high NAD-GluDH dine nucleotides is not likely to occur in S. cerevisiae grow- 
activities. In both cases, growth could only be restored in the ing on glucose. This fact could explain the different proper- 
presence of sufficient NADPH-GluDH activity. The alterna- ties of phosphoglucose isomerase mutants of different spe- 
tive pathway for the net biosynthesis of glutamate from 2- cics. 
oxoglutarate by glutamine synthetase and glutamate synthase 

cannot substitute NADPH-GluDH for providing NADP be- We thank H. Zalkin and B. D. Hall for kind provision of the 
cause the glutamate synthase of S. cerevisiae uses NADH as GDHI S enes - Y Surdin-Kerjan for provision of the zwfl dele- 
its cofactor (Roon et al., 1974). These facts clearly demon- J?" v p, i£'? l ? A and . K -" D Emian for provision of the yeast . strains 
strate the necessity of a substrate cycling between the two WA-1A and ENY VVA-1B The work in our laboratory was 
glutamate dehydrogenases. NADPH-GluDH is primary re- partly supported by ,he Deulsvhe ^rsch^ememschaft, 
sponsible for the replenishment of the NADP pool. NAD- 

GluDH serves only an indirect function of further mctaboli/- REFERENCES ' ■ 
j ing: the glutamate which has been generated by NADPH- 

i GluDH; Oh the other hand, increasing the level of NADPH- Aguilera..A. ( 1986) Deletion of.the phosphoglucose isomerase struc- 

• - "GluDH in a pgil single deletion mutant did not at all restore SP/HF. $™} h ™* simulation glucose dependent in 

V growth on Jcose <W 3). This can be explained by, wo A J^?^^ 
. consideration^ First; a high-level of NADPH-GluDH 
s i " :mdves 2£bxpgjutarate which isneededas a substrate, forlo 

" ; V^rJ^ dat iyjef, res pi rat ion from the citric acid cycle. Growth on pure^ ; Aliisteh^M^Haber 
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- will reach a steady.state equilibrium. , - - Verlag Chem.e. Wemhe.m. . ' " ^ 





formams^qyer-expressing GDH2. On the other, hand, 
>M//-and to.a lesser extent />#/7/fcf//i/. double deletion n 
v ->/ were eyen^mpre. sensitive to trace, amounts of glucose 
>; : together with; the fructose^ than /^// single mutants. 





I979> is the reason for glucose sensitivity but it is interesting -, ■ , « "... 

. to note that pgil mutants over-expressing GOH2 could grow ^l^^ 1 ?^ hi ' ^V?*** effec,s of ««? 
, .VPnglMcWwithdoubling times oily about three times higher , I- , - \.l & 

jhanwUd-type cells although glucose 6-phosphate,was^-^^ V;M: a981)*Analysis of mutation* atf w '* ^ 
■ sent at verv hieh levels fTahle 3V Akn thp vtmno nmimiilii.: - .(Vu.iinnViv A.^,i:.^.t J ^l~~^...r. s at - c f t a nW iy Ce s',. : l 'erv J -' "~ *■* 

, ... . ... ( 1978) Glycolysis- 4-;^ Q,^ 

.^nqt^ac depletion of NADP- seem to, be; the reason, fori the->;.*&H^^ Genetics M. l - ] 1.' - , .J ; 

^ " — 

\ 1/ •= <-v;a^bjpcked .in? the- reactions, of p 

"'^v ' ; /bisp^sphate;aldola.se-o onKK „ j R Cli s vw 

^^fe.'4n;* 0 ^ : mM^'^growm couWnot be restored by:high T leverJfe^ 

: h. •*-„■->■ -Pnosphog|ucose-isomerase : negative t mutants of E. <coli :/ fisting W> '-. - 

- (Itraenkel and Levisohn, 1%7) and of if., lactis (Goffririi et Cororiiinasi j:, Cloteti J ; Femandez-Banares, [.. Boles. E.-. Zimmer-' ' f ; 

al.; 1991 ) are able to grow on glucose medium, although at mann . F K . . G uinovart J. J. & Arino. J. (1992) Glycogen metatK 
a reduced rate.. Apparently, they utilize glucose primarily by olism in a Stuchanunytes. cerevisiae phosphoglucose isomerase '.■ 
. the pentose phosphate ^pathway. Csonka and Fraenkel (1977) (/w/) disnipti^muuinL FEBS.Utt.-3IO. 182-186. > 

observed that £ coli mutants lacking both phosphoglucose Co!W h«M«vP- W : & Magasanik, B. (1991)The URE2 gene product . 
isomerase and the membrane ATPase could no longer grow ^revisute. plays an important role in the cellu- , 

on glucose. They suggested that in a phosphog^os/iso- ^Se^S^^ 
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